Historically important public inbred lines continue to play an important role in maize (Zea maysL.) improvement in many different breeding programs. Their continued use means they have undergone numerous seed increases in diverse programs since their original release. Our objective was to estimate the level of genetic diversity among and within inbred lines from different sources using SSR markers. We sampled six inbred lines (B73, CM105, Mo17, Oh43, W153R, and Wf9) obtained from 14 sources (breeding programs). The data were analyzed by analysis of molecular variance (AMOVA), genetic diversity statistics, and genetic distance (Dice's coefficient). Of the total variation observed in gene frequency, 87.8% was found among inbred lines, 7.6% among sources within inbred lines, and 4.6% within sources. Genotypes of identically named inbred lines from eight different sources differed slightly on the basis of 44 SSR loci. The mean genetic similarity between sources of the same inbred was greater than 85%. It can be concluded that although more diversity exists among these six inbred lines than within them, a small but significant amount of variation exists among seed sources within inbreds. This variation may have arisen through differences in seed maintenance, since we found no evidence to suggest high mutation rates or extensive outcrossing. The small but statistically significant level of variation raises concerns in germplasm conservation, mapping studies, marker development, and long-term recombinant inbred line development, especially when high resolution is desired.
than 85%. It can be concluded that although more diversity exists
The most widely recognized and utilized inbreds in among these six inbred lines than within them, a small but significant the USA fall into one of three heterotic groups. The amount of variation exists among seed sources within inbreds. This most commonly used heterotic group is Reid Yellow variation may have arisen through differences in seed maintenance, Dent, of which the most utilized source population is Yellow Dent (Gerdes and Tracy; 1993; Baker, 1984; Mumm and Dudley, 1994) . The other miscellaneous heterotic category comprises inbred lines developed from crosses between the two major heterotic groups, H ybrid maize production in the USA is based on development and crossing of inbred lines. Since between adapted and exotic germplasm, or derived from the 1920s, over 600 public inbred lines have been develdistantly related material such as Minnesota 13. oped, some of which are now extinct (Zuber and Darrah, Once released, inbred lines have been maintained for 1980; Gerdes et al., 1994) . Most of the modern inbreds decades through periodic seed increases in breeding being used in public breeding programs are second or programs and at germplasm repositories. Effects of artithird cycle lines that were developed from other inbred ficial selection regimes, natural selection in maintenance lines or from synthetic populations derived from crossenvironments, drift, migration (contamination), and ing inbreds (Baker, 1984) . Although the older generamutations could lead to genetic changes (Ajmone-Martion inbred lines have been retired from hybrid seed san et al., 1998; Senior et al., 1998 ; Mumm and Dudley, production in the USA, they are still widely used in 1994). Such genetic changes would be influenced by the inbred line development, genetic studies, and as testers frequency of regeneration, methods used for regenerain many breeding programs (Smith and Gracen, 1993;  tion, unintentional outcrossing, and addition of newer Nedev et al., 2000; Marcon et al., 1999; Bing et al., 1992;  versions of the same inbred from other sources. Hallauer et al., 2000) . The availability of different inbred Variation can be investigated by means of phenotypic lines from different sources, both within and outside and genotypic measures. Quantitative character studies the USA, indicates their continued importance (Mauria of long-time inbred lines detected genetic changes larger et al., 2000; Livini et al., 1992) . Surveys conducted in than those expected by breeders (Russell et al., 1963 ; the late 1970s and mid 1980s on inbred lines showed Fleming et al., 1964; Russell and Vega, 1973 or mutations at more than one locus. Russell and Vega (1973) reported that genetic changes occurring in inbred Published in Crop Sci. 42:951-957 (2002) .
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lines were independent and occurred continuously. The Many studies have reported genetic diversity and relatedness of maize inbred lines at the molecular level studies by Busch and Russell (1964) and Russell and Vega (1973) revealed that mutations had little practical (Dubreuil et al., 1996; Dubreuil and Charcosset, 1998, 1999; Ajmone-Marsan et al., 1998 ; Melchinger et al., importance, particularly for expressed characteristics like yield, but were biologically significant and may have 1991); however, none were conducted to assess genetic variation at this level within and among identically negative implications for usage after years of regeneration. Higgs and Russell (1968) showed that inbred lines named inbred lines maintained by different programs. This approach is complementary to phenotypic meafrom six different sources had significant differences in traits such as plant height, silking date, ear height, and sures in quantifying genetic changes because it may show variations in DNA that may not be phenotypically grain yield. This was attributed to maintenance, residual heterozygosity, or mutation. Self-pollination in ear-toexpressed. The objective of this study was to estimate the level of genetic diversity both among and within row progenies resulted in less genetic change (thus reduced vigor) compared with other methods of mainteinbred lines from different sources by means of SSR markers. nance such as selfing and then bulking and sib mating. Smith and Smith (1987; 1988) studied associations among 18 Lancaster and BSSS-derived inbred lines us-MATERIALS AND METHODS ing electrophoretic, allozymic, and pedigree data. They Seeds of six maize inbred lines were provided by 15 different were able to identify uniquely 79% of the Lancaster public and private breeding programs (Table 1 ). These prolines. When material was not closely related, the allo-been used in maize diversity studies (Pejic et al., 1998;  agron.missouri.edu; verified 2 Jan. 2002). PCR reactions were Senior et al., 1998) . In a study of 33 inbred lines, SSRs (4 pmol/L) of each primer, and 5 L (25-50 ng) of DNA.
Data Analysis (GDA) software (Lewis and Zaykin, 2001 ). To reduce the number of PCR amplifications, up to seven Observed heterozygosity, H o was estimated as: primer pairs were combined to form 17 multiplex sets of prim-Ĥ ol ϭ ͚i͚i϶j n lij /n ers ( Table 2 ). The amplification conditions were 95ЊC for 1 min; 25 cycles of 94ЊC for 1 min, 55ЊC for 2 min, and 72ЊC for locus l, alleles i and j, sample size n, and observed count for 2 min; and a terminal extension step at 72ЊC for 1 h. To of heterozygotes n lij where i ϶ j (Weir, 1990). Expected heteroprepare the PCR products for detection, 0.5 L of the amplizygosity, H e , was estimated for a locus l as: fied DNA was mixed with 0.1 L Genescan 500XL Rox Standard (Applied Biosystems, Foster City, CA) and 1 L of 50%
formamide loading buffer and the DNA was denatured by for n individuals, where x 2 i is the frequency of the ith allele heating at 95ЊC for 5 min. and x i ϭ x ii ϩ ͚ i϶j x ij /2 (Nei, 1987) . The samples were loaded and electrophoresed on 5% (w/v) Data were transformed to binary code to obtain a full design denaturing Long Ranger (FMC) 36-cm well-to-read gels by matrix of presence versus absence of an allele with missing means of an ABI Prism 377 DNA sequencer (Applied Biosysvalues represented by 9. This format was used to perform tems, Foster City, CA). Data were collected by the GeneScan cluster analysis on the basis of the average linkage method, (Applied Biosystems, Foster City, CA) and Genotyper (Apknown as the Unweighted Pair Group Method using Arithmeplied Biosystems, Foster City, CA) software and stored as gel tic averages (UPGMA) by NTSYSpc 2.02i software (Rohlf, images for counterchecking. 1998). A dendrogram was constructed for the 48 inbred-source combinations on the basis of Dice similarity coefficients (Dice,
Statistical Analyses
1945). Dice's coefficient is a matching coefficient for binary data. In this case, the binary observations consisted of presence The number of alleles per locus was determined and coded with a number ranging from 1 to n (number of alleles) ( line is grown in different environments, some of the loci that have undergone genetic changes may contain alleles tested for equality by the t-test function of the MINITAB that are latent in one environment but expressed in the software (Minitab 1998).
other environment, subjecting them to selective presAnalysis of molecular variance (AMOVA) was performed sure in that environment (Fleming et al., 1964) .
by Arlequin ver 2.0 software (Schneider et al., 2000) . This procedure analyzes variance of gene frequencies taking into account the number of molecular haplotypes. The total vari-
Analysis of Molecular Variance (AMOVA)
ance was partitioned into various components due to intraOf the 44 loci, 27 (61%) were polymorphic in at least and inter-individual differences and/or inter-population differone inbred-source combination. The number of loci with ences (Arlequin, 2000) . Allele frequencies for all loci were more than one allele within an inbred-source combinaestimated by GENEPOP version 1.2 software (Raymond and Rousset, 1995) . tion ranged from one to eight with an average of 1.58 alleles per locus per inbred-source combination. When data from the eight sources of each inbred were pooled,
RESULTS AND DISCUSSION
the number of loci showing polymorphism varied from Descriptive Statistics 7 to 11 per inbred. No single inbred had a disproportionate number of polymorphic loci. This suggests that the A total of 137 alleles were detected across all loci in inbred lines studied are relatively stable at the loci examthe inbreds. The number of alleles per locus ranged ined. Some lines however have been reported to have from 1 to 6. Missing data, which included true nulls and high levels of instability when characterized using quanmissing data arising from failed PCR amplifications, titative traits (Russell and Vega, 1973; Russell et al., amounted to 4 .3% of the total. An allele was categorized 1963). In 14 (29%) out of the 48 inbred-source combinaas null if it was not detected at a locus in all 16 plants tions examined, all 44 loci were fixed for a single allele. per source.
The two plants representing the inbred CM105 from H o within inbreds was low (Table 3) as would be Holden were polymorphic at eight loci, which was expected from the inbred nature of the materials studhigher than the average of 1.58 across the other sources. ied. H o was lower in more recently released inbreds such On closer examination, one plant within this source as B73 and CM105 compared to older inbreds. Use had unique alleles, absent in all of the other CM105 of a t-test to compare means (Sokal and Rohlf, 1981) accessions. The unique alleles were homozygous, sugrevealed that inbreds differed significantly for H o . The gesting an earlier outcrossing event that has since been H e or allelic diversity also was significantly different genetically fixed. One locus (phi328189) was polymoramong inbreds. The lowest H e was in B73 (0.0317) and phic within plants in 47.9% of the 48 inbred-source highest in Wf9 (0.1139). Russell and Vega (1973) recombinations. This was relatively high compared with ported variable rates of genetic change in quantitative the mean of 2.6% at the other 43 loci. Four alleles were characters in the long-time inbred lines they studied.
found at this locus compared to a mean of 3.1 alleles Wf9, released in 1936, has been in use for breeding over per locus at the other 43 loci, which does not suggest 60 yr (Nedev et al., 2000) , although it was retired as a that phi328189 is affected by a relatively higher mutation hybrid parent decades ago, compared with B73, which rate on the basis of the number of alleles at the other was released in 1972. This difference in release dates loci. H o at this locus was 13.2%, as compared to an may have introduced more opportunities for change overall average of 0.8% across all the other loci. The through inadvertent contamination during regeneration increased heterozygosity may be conferring increased or genetic drift and this may have increased differentiafitness to the inbred lines (Wendel et al., 1987 ; Lamy tion among sources of Wf9. Other older inbreds (Oh43 et al., 1994) . and W153R) also had high H e levels. Inbred lines reHighly significant differences in gene frequencies were leased after 1960 (Mo17, B73, and CM105) had relaobserved among the six inbred populations. Among intively lower H e values when compared to inbred lines bred variation accounted for 87.8% of the total, imreleased before 1960 (W153R, Oh43, Wf9) (Table 3) .
Among sources, H o and H e means were highly signifiplying that 12.2% of the variation was among sources and among plants within sources (Table 4) . A significant were found for lines under selfing than for lines under full-sib mating, suggesting that selfing causes more alteramount of variation (7.6%) was contributed by the different sources within inbreds. This level of variation ation of line integrity than sibbing. Even within a source, the two plants analyzed showed could have arisen through different methods used in maintenance of the inbred lines. In breeding programs, significant genetic differences on average, accounting for 4.6% of the total variation. This small but significant inbred lines are variously maintained through self-pollination with or without bulking (pooling seed from difamount of variation indicates that complete homozygosity across all loci should not be assumed in any inbred ferent plants) and sibbing. Bogenschutz and Russell (1986) compared sib-mating and self-pollination as methline seed source. It is necessary to take into consideration the source ods of maintenance for 11 generations using 10 maize inbred lines differing in origin and in the number of of the inbred lines if a high level of homozygosity is desired. From this study, combining seed from various regenerations before the study. Although differences between the selfed and sib-mated generations were sources of an inbred line would give materials having an average of 87.8% homozygosity across loci. If an small and significant, 26% more significant changes inbred were obtained from a single source, a homozytion rates at the loci examined because no unique alleles were detected and the number of alleles did not gosity level of 95.4% would be expected. When a high degree of uniformity is required, such as in conservation, vary greatly among inbred-seed source combinations studied. mapping, sequencing, and gene frequency studies, a single source for the seeds should be utilized.
